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Convective Clouds over the Bay of Bengal
PAQUITA ZUIDEMA

NQOAA ErvironmentalTechnolagy Laboratory, Boulder Colorado

ABSTRACT

Thebetavior of convectiveactiity over theBayof Benga during the1983 and199 mons@nseasons
is examined using3-haurly satelliteinfrareddata. More organizedcorvective actiity, spreadingarther
southinto theBay, occuredin the 1988 thanin 199. A distinctspatialgrowing of corvective systemsy
sizeis found. Theeastsideof the Bay expeliencesmostof therainfall overwater andherethe corvective
systemsare relatively small, short-lived, andfrequent. At the nothwestside of the Bay nearmost of
theland-baedrainfall, corvective actwity is organizedinto muchlargerandlongerlived systems.The
diumal cycle of all the systemsver the Bay, regadlessof size,shavs a6 A.M. local time maximum in
velty cold cloudtops(infrared brightresstemperture < 210K), with geneis occuring betweer® PM.
and3 A.M. (9 P.M. for thelarger, longerlivedsystems) Thecloudsystemdlissipateaftersunrisewith the
larger systemdastinguntil theafternamn. Theland-waterinterfaceis importantfor thecorvectiongenesis
and therebyaffects the spatial distribution of corvection. Offshore noctunal corvection begins near
shore with latercornvectionoccuring farther out overthe Bay andattaininga largersize. The prefeence
for noctunal initiation times differs markedly from the afterrooninitiation timestypical of the tropicd
westerrPacificoceanput thetime of maximun cloudareaextentanddissipatioraresimilar. Thestrength
of thediurnalcycle variesgreatlywith location,with the nothwestsideof the Bay experierting boththe
highestamoun of very cold cloudnessandthe strongstdiurnal cycle. The Joint Air-SeaMonsmn
Interaction Experiment (JASMINE) researctcruiseexpeliencedthe only multi-day sequencef large,
diumally-repeating,southvardmoving disturbamesat 89°E 11°N in the two yearsexanined, but both
the cornvective diurnal cycle andpropagationdirectionwereconsistentvith climatology. An interesting
aspecbf thecorvective lifecycle is that systemoftenhave a southward compaentto their motion with
themostcomma propagationdirectian over the entireBay beingto the southwest.This canoccureven
whenthelarger scalemovementis towardsthe northwest(suchasis typical for cyclonesat the northern
endof theBay).

1. Introduction

The Bay of Bengalin northen summertis the site of
the highestmeanprecipitation of the entire Asian mon
soonregion andperhays of the global oceas. The co-
piousrainfall aloneis consequetial for human endea-
ors,andtheaccompaying latentheatinghelpsdrive the
Asianmorsoonalcirculation Despitetheimportarce of
theBay of Bengalto bothweathemandclimatetheregion
is poorly sampledandresearche (Webster20®@). The
dynamics and corvection of the Bay of Bengal(and of
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theentireAsianmorsoon)is pooty simulatedn models
(e.g.Spence andPalmer19%), andthe poor samplirg

further hamgersefforts atmodel validation andimprove-

ment.

The call for researchactiity in the Bay of Bengal
motivatedits choicefor boththe JointAir-SeaMonsom
Interadion Expeiment(JASMINE; Webster20®; Web-
steret al. 20@), carriedout in May-Jure 199 andthe
Bay of BengalMonsom Expeiment (Bhatet al. 200L),
held July-August 199. JASMINE setout to doaument
theintraseasonatariahlity of the Asianmonsoa (with
the onsetof the monsmn beingundestoodas the first
intraseasonaoscillation of the monsom season).Both
quiescehanddisturbel condtionsweresampled.
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FiG. 1. Meanrainfall in mm/hourfor May-Septembe1999
usingthe TRMM 3B43 parametegra meiging of TRMM Pre-
cipitation RadarandMicrowave Imagerdatawith infrareddata
from geosyrchronots satellitesandrain gaugedataover land.
SeeAdler etal. (2000 for moreexplanation

During the secondintensive obsering periodoccu-
ring from May 2126 (“Star 2") large (> 40,00 km?2),
longdived (1-2 day) noctunal disturtancespropagate
due soutlward over the R/V RonBrown (89°E, 11°N).
Two of thesedisturtancesarerepresetedin Fig. 3band
Fig. 3d (more explandion on the figure is provided in
Section2). Large southvard-pragpagatig disturbances
atthis locationhave recevedlittle if ary previousdocu
mentation

This paperis in part an attemptto placethe activ-
ity obsered duiing JASMINE within a larger context.
We seekto answetthefollowing questionsHow ubiqu-
tousarelarge southvard propagatingstormsin the Bay
of Bengal? Are they a reguar featue of morsoonal
weather? Was their obsered diurnal variability typi-
cal? A compehensie satellitesuney of convective ac-
tivity within the Bay of Bengalis not yet availablewith
which to answerthesequestios. Whatis known, how-
ever, pointsto a comgicated climatolayy that is nei-
therarcheypically oceaic norcontinetal. Resultsfrom
otherregions,suchasthewesterrPacificwarmpool,will
notnecessarilyapplyto the Bay of Benga

Marny independentdatasetsiocunent a high degree
of convective activity within the Bay of Bengal.Dataset
exampesinclude highly reflective cloud (Grossmarand
Garcial990, satellitemicrowave (Spener 1993, out-
goinglongwave radigion (RocaandRamanatha200),
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FiG. 2. All 6-houly reportsof cyclonesbetweenMay and
Septemberof 19712000, as reportedby the Joint Typhom
WarningCenterat Guam.

TRMM? PrecipitationRadarstorm heigtts (Shortand
Nakamuwa 2000, and satellite lightning detectior?
(Toracirta and Zipser 200]). Perhapsthe bestdirect
rainfall measures providedby the TRMM satelliteMi-

crowvave Imagerand PrecipitationRadardata, memged
with geosyichrorous satellite infrared data and land-
basedain galge data(Adler etal. 2000. Theestimated
meanrainfall rate for May-Sepember1999 using this
datasets shavn in Fig. 1 for the Bay of Bengal. The
meanrainfall ratewasthe highestover the Bay of Ben-
gal of anywhereover theglobefor thistime periad.

Figure 1 shows that the rainfall was mostly concen
tratedin the east-nortbastside of the Bay. Most of the
rainfall takes placeover waterbut favors beingcloseto
land. This locationalprefeenceis alsoseenin a 1979
1991 satellite microwave rainfall climatology (Spener
1993 andin a spatial distribution of infrared-inferred
cold cloud tops (Rocaand Ramanatan 2000, Fig. 2).
TRMM-identified predpitation featueswith ice scatter
ing arealsomorenumepuson the eastside of the Bay
thanthe west (Steve Nesbitt, persmal communication;
seeNesbittandZipser200, for moreexplartion).

While mostof the rainfall occurson the eastside of
theBay, themoreorganized largerscalecorvective sys-
temsoccu on the west-nothwestside of the Bay. Fig-

Tropical Rainfall Measurirg Mission

2TheBay of Bengalis oneof thefew large salt-baly regionswith a
dispositon for lightning, andlightning wasroutindy obsenedat night
throughout JASMINE. Lightning tendsto indicate strongvertical up-
draftswithin corvective cores.
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ure 2 shaws all six-haurly repots of cyclores for the
samespatialdoman asFig. 1 for May through Septem-
berof 1971-2000,asgivenby theJointTyphoon Warning
Centerin Guam.A clearprefeenceexistsfor the north
northwestside of the Bay. Monsoonlows, depessions,
anddisturbamesaremuchmorenumepus(andpossess
wealercirculatiors)thancyclones but have similiar spa-
tial distributions. Cyclonesgeneally begin over water
then move notthwestward over land, often with severe
impactson humanwelfare.

A preferecefor the westside of the Bay is seenin
otherindicatas of severeweatheror high vertical mo-
tion, e.g., satellite-detectetightning frequengy (Torac-
inta andZipser200L, Fig. 3), high (12-15 km) TRMM
30-dBZ echoheights(Steve Nesbhitt,pers.comm), high
tropgauseheighs (Newell and Gould-Stavart 1981),
and mesoscalecorvective compexes (MCCs) (Laing
andFritsch1993. Lastly, theNCEP® ReanalysigKalnay
et al. 19%) placesmost preciptation at the northwest
sideof the Bay. The Reanalysiprodwct is not a robust
indicata of preciptation, but it doesindicate favoralle
condtions for verticalascenbn alarge spatialscale.

To date,the corvectionoccuring within the Bay of
Bengalremainsinconpletely docunented Many satel-
lite studiesof this region have relied on polarorbiting
satellitesthat passover the region onee a day at a set
time, and have focusedon larger-timescalephenanena
such as intraseasonabscillations (e.g, Lawrence and
Webster2001, andreferercestherén). In part,thelack
of a suney reflectsa patcity of geostatioary satellite
datafor thisregion. The Japanes&eostationar Meteo-
rologcal Satelliteandthe EuropeanMeteosatsatellites
at their nomal location have low viewing anglesinto
the Bay of Bengal,which underminestheir dataqual-
ity. Thegeostatioary IndianINSAT satelliteis atanap-
profriate locatian, but its dataarenot availableto west-
ern researchrs on a continwous basis. One year of 3-
houtly INSAT datais availablethrough the NCAR* Data
Archive. Thesedatahave beenappliedin a few studies
of themoreextremecorvective evertsin theBay of Ben-
gal, suchasMCCs (Laing andFritsch1993 or tropical
stormsandcyclores (Smith andMehta1990). A more
compehensie analysisof corvective actiity is dore by
Rocaand Ramanathan (2000), but this often averages
over a large spatialdomain that ignores unique cond-
tionswithin the Bay of Bengd The TRMM satelliteis
invaluableasa direct preciptation measurdrom space,
but samplesa particularlocationinfrequently.

The focus of this studyis to provide a comprénen-

3Nationd Centas for ErvironmentalPredidion
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sive suney, using3-haurly geostatioary infraredsatel-
lite imagerywith viewing anglesnottoo far from nadir,
of the convective activity for this climatically impor-
tant area,from the small, individual cloud to the large
cloud complees. In addition their life cycle evolution
is tracked from genesisito maximum areaattained,to
end. The surey spans1999 (the year ASMINE oc-
curred and 1988 for more completemss. The diurral
cycleis elucidatel, partly to helpidentify the respectre
influenes of land andwater Suchstudieshave been
donepreviouslyfor otherregions of theglobe(e.g.,Chen
andHouzel997 Chenetal. 1996 Machaloetal. 1998;
MapesandHouze1993 MathonandLaurer 2007 but
notfor the Bay of Bengaldomain.

Two geostatinaryinfraredsatellitedatasetareused.
Onedatasetomesfrom the Meteosat-Satellite,which
was moved to 63°E on April 19, 1999 in suppot of
the JASMINE and INDOEX experiments. The sec-
ond dataseis the 3-haurly INSAT Infrared Imagey of
May-Sepember1988 menticmed previously. A pixd-
growing algorithm is usedto identify a cloud cluster
which canthenbetrackedfrom imageto imageto char
acterizethetempoal progressionof convective events.

2. Dataand Method
a. Data

The3-hourly Meteosat-3nfrared(10.5-125 pm) Im-
agerydataof May-Septerher 199 were used. These
were missing 5% of the total possiblenumker of im-
ages,mostly in Septembe The missingimageswere
randaomly distributedthroughou the diumal cycle. The
datashowved no obvious signsof calibrationchang or
otherdatadropout asidefrom the missingcompleteim-
ages.Theinfraredmeancourt ata0.25° resolutionwere
convertedto brightnesstemperéuresusing coeficients
providedwith thedataby the EUrgpeanorganizationfor
the exploitation of METorological SATellites (EUMET-
SAT).

The seconddatasetis the 3-haurly INSAT Infrared
Imagey of May-Septerber 1983. The INSAT satellite
is nomirally locatedat 75°E. A court-to-brightnessem-
peratue corversiontablewasprovidedwith thedata.At
the T}, threshdds used theresolutionis 1 K (Smithand
Mehta 1990). The full-disk imageshave a spatialres-
olution of 22 km; thesewere interpdated to the same
0.25° resoldion of Meteosat-5. Larger datagaps ex-
istedin theINSAT datasethanin theMeteosat-Slataset,
bothin missingimages (7.3%o0f possibletotal) andwhat
appeaed to be bit dropouts affecting somescanlines.
Images werevisually inspectedandthosecortaining a
large amoun of datadropout within the Bay of Bengal
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FiG. 3. Four examplesof time clusters asdefinedin Section2, from May 1999 Panela) took placefrom 0300UTC 19 May
- 0300UTC 21 May, b) 2400UTC 21 May - 0300UTC 23 May, ¢) 0300 UTC 23 May - 0300UTC 24 May, d) 0600 UTC 23
May - 0600UTC 25 May. Eachcircle represents closedcontou of satellite-inferredl; < 218K, andcorrespadsroughlyto the
cloudclustersize. Arrows shav the directionof the centroidfrom imageto image. Superimposeds the daily- or two-day-aerage
850-mbNCEP Reanalysisvind field closestto the date(s)of the time cluster The numbersin the bottomleft-handcornerrefer
to the rankingof the eventwithin the entireMay-Septembr seasorfor the Bay of Bengal,ie., the eventin paneld) wasthe sixth
largestin total areacoverageof all eventsoccuring within the Bay of BengalbetweenMay 1 and SeptembeB0. The average
propagatiorspeeddor a)-d)are8.5m/s,8.2m/s,11.6m/s,and9.3 m/s,respeciiely.

region werediscardedrom theanalysis; thisredwcedthe
dataseafurther3%. Themissingimagesvererandmly
distributed throughou time of day The larger INSAT
datadropoutwill causean underestimatiorof the 1983
cold cloudiress, but cannotaffect the resultthat 1983
contaired more and larger coheent convective activity
than199M (Section3). TherepatedINSAT imagetimes
werenot consistentput were almostalwayswithin one
half-hour of androundedoff to that3-houly time inter
val. No calibrationissuesarerepatedin the literature
for eithersatelliteinstrurent. Thetwo satellitedatasets
aretreatedidentically andthe focus is almostentirely
ontheBay of Bengalwhichis definedhereto spanfrom
5°N-25°N and80°E-100°E.

b. InfraredBrightressTempeature Threshold

The infrared satellite literature containsa range of
temperéurethreshold, summarizd in MapesandHouze
(198) and Machaa et al. (1998). Inferencesmade
abou corvective actiity andlife cyclesvary with the
choiceof temperturethrestold (e.g, MapesandHouze
1993 MathonandLaurert 200]). One of theseis that
colder cloud tops correspondmore closely to heavier
rainfall events(ChenandHouze1997 Rickenbah and
Rutledge1998. For this reason,we shav resultsfor
two infraredtempeature(T}) threshdds: 235K, to doc-
umer the behaior of all cloudsthoudt to be rain-

bearirg,and210K, to docunentthebelavior of themost
heavily predpitating clouds.

The 235K threshéd was chosenbecausef a doc-
umerted fit betweenarea-and time-averagedrainfall
andT, (Arkin 197; Ohsava et al. 200L). The 235K
threshdd is thecomnonly usedGoesPrecipitationndex
(Arkin 197), arrivedat through correlatingradarbased
rainfall estimatesandthe satellitefractioral areacover-
ageof T, < 235K pixelsona 1.5° by 1.5° to 2.5° by
2.5° spatialscaleduring the GARP Atlantic Tropical Ex-
periment. Thisthrestold wastestedagan aganstrainfall
gaweoverIndiain Arkin etal. (198), andfound to per
form well for mostregionswith theexceptian of theGhat
Mountainsandthe GangeticPlain. A similar linear re-
gressioranalysis of rainfall gawge dataandsatellitedata
by Ohsavaetal. (2001) overtropical Asiaarrived ataT,
threshdd choiceof 230K.

The 210K threshdd is taken asan indicata of the
preciptation boundary within deepcorvective clouds.
It is closeto the 208 K thresholdfound to correspnd
bestwith the instantanewos precipitationareain radar
sampleddeepcorvective systemsover the westernPa-
cific (MapesandHouze199), andis usedby Chenand
Houze(1997) to examire diumal variatiors in the life
cyclesof tropicd deepcorvective systems.

Thecorrespadene betweerthe brighthesstempea-

turethreshdds andprecipitatian is a coreassumptiotior
this study but it is a statisticalandnot a literal relation
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FiG. 4. Geographyof the Bay of Bengal. Altitudes of
500,1000,and4000metersareshavn in progressiely darker
shadesof gray The'+ symbd indicatesthe position of the
R/V RonBrownduring JASMINE I10P 2.

ship. Precipitationcan originatefrom clouds with tops
warmerthan the threshdd (R.-S. Sheuand Liu 1997;
Short and Nakanura 2000). Alternately cloudswith
very cold topsmaysimply beadwectedcirrus,especially
for this region of highwind shear(seeRickenbah 1999
for more discussion).

c. CloudClusteringand Tradking

The 235K thresholds anunrelialfe indicata of pre-
cipitation on an individual pixel basis. Partly for this
reason,cloud clusterswere identified andtraclked only
throwgh the 210K threshdd. Few clearcasesof cirrus
adweded westvard by the upper-level winds were seen
with the 210K threshold. A colde threshdd alsopro-
vides betterdefinition of a time cluster with lesssub-
tletiesin stormidentity andcontiruationascloud clus-
tersmeige andsplit up.

Themethodis simple:

1. “Cloud clusters areclosedcountarsof < 210 K
T, within eachimage(ie., all pixels mustshareat
leastonerow or columnwith a neighloring cold
pixel). Theirareaandthelocationof the centrad
aredeternined. Thedataresoldion meanghatthe
smallestcloud cluster compising onepixd only,
will have anareaof about600km?2.

5Thedissipaing cluste in Fig. 3c maybe anexampleof adweded
cirrus, but this example useda threshold7; of 218K.

2. “Time clusters”are cloud clusterswithin sequen
tial imageswith overlapping positiors. Theirover-
lap mustexceedeither 10000 km? or 50% of ei-
ther cluster The times, centrad locations,and
areaof the start and end of eachtime cluster
aredeternined aswell aswheneachtime cluster
achievesits maximum size. In addition thetotal
areacovered by eachtime clusterduring its life-
timeis calculated Cloudclustermergesandsplits
aretakeninto account throughait thetime match-

ing.

This procedirewaspreviously developedandappied
to charactaze the Australianmonsoa (Williams and
Houze 1987, the areacovered by the Japanes&MS
satellite(MapesandHouz 1993, andthetropical west-
ern Pacific warm pool (Chenet al. 19%). The metha
depemuls on slow cloud propaationsbetweentwo se-
guerial imagesrelative to its size. For 3-haur resolu-
tion data, the areal overlap methal perfams well for
clouds with areasof roughly >8,00 km? (Machaa
etal. 1998. Thisimpliesthatwe areonly ableto track
cloud clustersof size larger thanabout12 pixels from
imageto image. The simple but objectve areaover-
lap tracking appoachis as fundional as more elabe
rate method that include cloud morptology andradia-
tive criteria(Machalo etal. 1998.

The time clusterlifetime andtotal areacloud cover-
agearedepeidentonthethreshdéd chosenwith warmer
threshdds correspondimy to larger cloud areas,longer
lifetimes, and slower propagationspeedqe.g., Mathmn
and Laurent200]). The lifetimes and cloud areasde-
ducedhereusingthe 210K thresholdwill be undeesti-
matesof the true corvective areaandlifetime. In addi-
tion, only literal, contiruouspropajationsof convective
activity will beidentified andlarger-scaledisplacenents
of convective activity occuring within alargerervelope
will bemissed.

Exanplesof cloudclustersandtime clustersderived
usinga 218K threshdd, areshovn in Fig. 3. A distur
bancethat passedver the RV RonBrown duling JAS-
MINE is shovn in Fig. 3b. The areacovered by each
circleis rouchly to scale.

d. Gegraphy

A map of the Bay of Bengd domainis shovn here
in Fig. 4. Pt. Palymrasrefersto the corvex penirsula
on the Indian coast,the Iriwaddy refers to the corvex
coastlineformed by thebroaddeltaof thelriwaddyriver,
with the Gulf of Martabarto its southeastTheplussign
indicatesthe positionof the R/V RonBrown during the
secondntensize obseving periad of JASMINE.
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FIG. 5. Monsmnal-mear(May 1-Septembe80) percenthigh cloudinessnmapsfor (a) 1988PHG3s5, (b) 1999PHGC,35, (c) 1988
PHG10, (d) 1999PHG;10. Superimposedh (a) and (b) arethe NCEP ReanalysidMay-Septembr mean850-mbwinds (arrows)
for the respectie years. Panels(c) and (d) include the NCEP ReanalysisMay-Septembemean300-mbwinds (arrowvs) and sea
level pressurgwhite line; 1-mbcontourlevels). PercenHigh Cloudis definedasthe percenageof pixelswith T, < Tipreshota Of

theexistingimages.
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FiG. 7. SameasFig. 6 but for 1988 Notethelargerrangeof valuesfor the cloud clustersizes.

3. General Context of the 1988 and 1999 M onsoons

Figure5 shavsthemonsmnal-men(May 1 - Septem-
ber30) perenthighcloudiressfor (a) 198 T, < 235K,
(b) 19997} < 235K, (c)1988T}; < 210K, and(d) 199
T, < 210K. The morsoonal-nean850-nb wind field
is included in panels(a) and (b), and the mons@nal-
mean300-nb wind field and the sealevel pressuren
panels(c) and(d). Percentigh cloud (PHC)is definel
asthe percemageof pixes with Ty, < 235K (P H Ca35)
or Ty < 210K (PH Ca10) within thedataset.

Figure5 shaws thatin 1999muchof the high cloud-
nessoccured near shore, either on the eastside for
PHC(C535, or onthenorthwestsidefor PHC519. In con-
trast,in 1988the high cloudnesswaslesslocalizedand
moreof it extendcedfarther southinto the Bay. Averaged
over the80°E - 100°E, 5°N-25°N region, slightly more
highcloudnessoccuredin 199 thanin 198 (163%vs
15.8% for PH (535 and3.1% vs 2.8%for PHC41g).

We cancomprethis to the popdar All-India Rain-
fall Index (AIRI), anaveraye of stationrain gaug data
within India that is often usedasan index of morsoon
strength For 1988 the AIRI wasabou two standad de-
viations above the 187141994 mean,while in 1999the
AIRI wasslighly below the long-tem mean. This im-
plies that 1988 was a strong morsoonyear and 199
a slightly weak monsom year Lawrenceand Webster
(2001) notethatthe AIRI is notagod indicatorof mean

corvective activity in theBay of Bengd Fig. 5 suggsts
this may be becase the spatialdistribution of the con-
vectionvariesso stronglybetweenyearsthata spatially
averagedvalueis notsomeanindul. Insteadthespatial
variationin thecorvectionover watermaybereflectedn
the spatialvariation of convectionover land (Bhatet al.
2007).

Fig. 5 alsoshaws very different cloud maximaloca-
tionsfor PHC219 (parels c) andd)) thanfor PHC235
(pands a) and b)). During both years, most of the
PHC(Cy35 is found nearthe easterrside of the Bay, and
particulaly within the Gulf of Martaba. Thereis a
goodspatialmatchbetweerfig. 5bandthe1999TRMM
meanrainfall estimateof Fig. 1. It is occuring in are-
gion of seasonatneanlow-level onshoe winds onto a
coastaimountan range. In contrastfFigs.5c andd shav
thatthe PH C5; cloudis morelikely to befoundin the
northwest or west side of the Bay, with the maximum
cloudnessslightly southof the meansealevel pressure
minimum. This coincideswith the cyclone distribution
shavnin Fig. 2.

4. Cloud Clusters

We find a distinct growing of the cloud clustersby
size and location elucidatedherein Section4c. This
allows us to conclua that most of the rainfall in the
Bay originatesfrom the relatively smaller cloud clus-
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FiG. 8. Thefrequerty distribution of the numberof cloud
clusterg(expressedasthelog o) for 1988(solid line) and 1999
(dottedline) asa functionof cloud clustersize.

ters. Thecloudclustersof 1988werelargerthanthoseof
1999 whichimpliesmoreorganizedcorvectionin 1983
thanin 1999 JASMINE Star2 wasa corvective excep
tion within an otherwiserelatively calm morsoonyear
Lastly, a maximum cloud areaoccus at 6 A.M. for all
clouds irrespetive of size.

a. Time Series

Figs.6 and7 shav time seriesof theindividual cloud
clusterdor 1999and1983, respectidy, aswell asatime
seriesof themeanP H C,35 over theBay. For bothyears,
thelargestcloudclustersoccu within thefirst half of the
mons®n seasorandclearlydemaratethe morsoonon-
set,with the cloud clustersdiminishingin sizein thelat-
terhalf. Large cloudclustersareassociatetvith theJune
81011,199 cyclone. Thecyclone actiity in bothyears
wasslightly weak(no cycloneswererecorddin 1983).
One-thid of the cyclones shawvn in Fig. 2 occured in
May, suggsting that a preferencefor the largest cloud
clustersto occu earlyin themonsom seasoris typicd.

Someof thelargestcloud clustersof the entire 199
mons®n seasonandthe highestspatial-mea PH C 235
of theseasonpccuredduiing or nearJAASMINE Star2,
May 21 to 26, 199. In generalthe larger cloud clus-
tersoccurwhenthemeanP H Ca35 is high, but whereas
thelargestcloudclustersoccurearlyon, no trendis evi-
dentin thespatial-mea® H C»35 with timeduringeither
year Thissuggestshatconvective activity beconesless
organizedasamorsoonprogresseshut notlessfrequent.
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FiG. 9. The cumulatve coverage fraction of pixels with
Ty, < 210K. Thedashedinesreferto the Indian Oceando-
mainfrom 20°S-25°N andfrom 40°-11C° E, while thestraight
linesreferto the Bay of Bengal(5° - 25°N, 80°-10FE). The
thick linesreferto 199 andthe thin linesto 1988 The dots
referto the quartilesshavn in Chenetal. (1996)Fig. 5 based
onfour yearsof GMS data.

b. SizeDistribution

As seenin a compaison betweenFigs. 6 and7, the
cloud clustersin 1983 attaina larger sizethanthoseof
1999 This is further demorstratedin Fig. 8, shaving
thefrequency distributionof thenumbe of cloudclusters
for eachyearasafunction of thecloud clustersize. It is
alsoevidert that199 hadmoresmallcloudclusterghan
1988

Fig. 9 shavsthecumudative fractionof total coverage
of the Bay of Bengalasa function of cloudclustersize
for 1999 (thick line) and 1988 (thin line). For further
comprison,similar curvesare shavn for the larger In-
dian Oceandommain (dashedines), andfilled circlesfor
the Japanesé&seosychrorous Meteordogical Satellite
(GMS) domain (80°E-16C0W), taken from Chenet al.
(19%, Fig. 5). Thelargerclusterelementccuring in
1988force the entiredistribution to the right. Many of
thesdarger 1983 cloudclusterscamefrom farthe south
in the Bay, whereclouds were morelikely to be orga-
nized into larger systems,as will be discussedurther
in Sectiondc. We alsoseea tendenyg for more nume-
ouslarge cloudclustersin the Bay of Bengalthanin the
entire Indian Oceandoman. The GMS values are not
directly commarable,® but moreyearto-yearvariability

6The GMS datasethada higherspatid resoluton of 10 km.
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resolutionandpanelsc) andd) ata 2° resolution.

is seenin the two yeas of Indian Oceandatathanwas
obseredin the four yearsof GMS data,possiblya re-
flectionof the smallerdomainwe examined

c. Location

As canbe seenin Fig. 10, the cloud clusterswithin
the Bay of Bengalshawv a distinct spatialgroying by
size. The four size groys were definel from quar
tiles constrictedfrom the sizedistribution summecbver
both years,with eachquatile contibuting 25% to the
total cloud coverage (seeFig. 9). The quatile bowund-
ariesoccu at cloudclusterareasizesof 22500,62,50,
and 136900 km2. Thesecorrespondto cluster radii
(r = y/area/r) of 85,140,and210km.

The smallestcloud clusters(Fig. 10a) occur either
at the eastside of the Bay near shore, or over land.
Their distribution coincides very well with the rainfall

distribution shovn in Fig. 1. As the cloud clustersin-
creasdn size,they arelesslikely to occurover landand
morelikely to occurin the midde andwestside of the
Bay. Thelargestcloudclustersover land occurover the
GangeticPlain. The largestcloud clusters(r >210 km;
Fig. 100 occu primarily in only two locations:directly
offshae of Pt. Palymrasat abait 20°N and87°E, and
farthersouthin the Bay at roughly 15°N and89°E. The
northerly locationis mirrored in thecyclonelocatiorsre-
portedin Fig. 2.

Supyort for the overall spatial distribution exists in
TRMM and SpecialSensoMicrowave/lImager(SSM/I)
data. GeneralTRMM datapreciptation featuresprefer
the eastside of the Bay (Fig. 1) while TRMM precip-
tationfeatuescontainirg MCSs(herce morecornvective
organizatior) aremore equitablydistributedthroughaut
the Bay (Steve Neshitt,pers. comm). A popuation of
“intense” mesoscalsystemsds alsoidentifiedin SSM/I
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FiG. 11. Thediurnal cycle expressedasthe percentof the
daily total areafor eachquartile definedin Fig. 9, but for the
wateronly regionslying within 5°-22°N, 80°-98°E, definedto
1° resolution.

datain the midde of the Bay at abou 17°N (Toradnta
andZipser2001, Fig. 11).

Other similar studiesconclwe that large cloud sys-
temsareresposiblefor mostof the preciptationin their
locatiors of study (e.g., Chenand Houze 1997; Chen
et al. 1996 Machad et al. 1998B; Mapesand Houze
1993 Mathm and Laurent 200J). In contrast,from a
comprisonwith TRMM data,we conclua thatmostof
the rainfall in the Bay of Bengalcomes from smaller
more numebus cornvective systems. Previous studies
have focusedon eitheroceanenly or land-aly regions,
andthe explanationfor the discrepacy maywell reflect
the impad of the coast,suchas,for examge, the pres-
sure deceleation mechaism of Grossmarand Durren
(1984).

d. Diurnal Variability in CloudClusters

Figurell shavsthediurnalcyclein the cloudcover-
ageamount for eachcloud clustersize class,expressed
asthe percen of the daily total cloud area. An attempt
wasmadeto isolatethediurnd behaior over thewater
andthe Bay of Bengd domainwasrestrictedto water
only 1° grid boxesfor thisfigure. Thelargestcloud clus-
ter size hasthe most prorouncel diurnd cycle, with a
maximum:minimum ratioof abou 10. Thesmallerclowd
clustershaveasimilar phasingn theirdiumalcycle,with
6 A.M. or 9 AM. maximaand6 PM. or 9 PM. min-
ima, but theirmaximum:minimum ratiois muchsmaller

ZUIDEMA

abou 2 or 3. Thetop quatile hasanasymmérical diur-
nal cycle with areacoveragethatincreasesapidly after
midnight, reaclkesa peakat 6 A.M., decaysslowly from
6 A.M. to noon andrapidly thereafterreachirg a mini-
mumat6 PM.. Thiscyclein cloudareacoveragewill be
seeragainlaterin thetime clusterlife cycles.

A comprisonof Fig. 11to asimilarfigurederived for
thewesternPacificwarmpod (Chenetal. 1996 reveals
that the most prorouned diurnal cycle also exists for
the largestcloud clustersof the tropical westernPacific
warmpool, but negligible amplitudesexist for thesmall-
esttwo quatiles. Most of the Bay of Bengalcloudiness
occus nearshoreling andoneinfluenceof land may be
to imposea davn maximum uponall clouds irrespectve
of size. Theweakafternmn corvectionover openwater
found by ChenandHouze(1997) is notevidenthere.

5. Mean Diurnal Variability

How doeslandinfluencethe cloudnessdiurnal cycle
over the Bay? We investigatethis herethrough docu
mentingthe Bay of Bengaldiumal cycle and compa-
ing it to thatof thetropical westernPacific (TWP) warm
pool. We chosethetropicalwesternPacific notonly be-
causamuchof it is far away from land, but alsobecause
the TWP alsoexperiencesigh seasurfacetemperattes
andis at a low latitude,and, it hasa well-examineddi-
urnal cycle. The largestdifferencein the diurnal cycle
betweenthe two regions is found to be noctunal initi-
ation timesin the Bay of Benga occuring nearshore
versuslate-afterioon initiation times over the TWP (or
land). The time of maximum cloudnessin the Bay of
Bengalis slightly laterthanthatof the TWP (but not af-
ter dawn), andthe dissipationtimes are similar for the
two regiors.

We find that the corvective lifecycle in the Bay of
Bengaldepemnlsstronglyonlocation. Theconvectionoc-
curring nearlandbegins closeto shore with subsequet
convectionoccuring up to ~ 300km offshore. Farther
away fromland(~ 1000 km) thediurnd cycleresembles
thatof theopen ocean.Thenorthwestsideof theBay has
themostpronaunceddiurnal cycle.

a. Mean3-hourly PHCs35 andPHC,1g

Figures 12and13shav the3-haurly diurnal cyclesin
PHG,35 and PHG,, respectidy, for May-Sepember
of 1988and199 comhbined. Thelocal time statedn the
panelds thelocaltime appopriatefor 90°E.

Overlandthebehaior of PHC,35 andPHG, ;g is very
similar, with anintenseandshort-lived peakin actiity
occuring arond 6 PM.. Themaxmum cold cloudiness
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FiG. 14. Diurnal variability in PHG;10. The orientationandlengthof the vectorindicatesthe time andthe cloudinessamour,
respectiely. A vectorpointingto the north, east,south,andwestindicatesOLT, 6LT, 12LT, and 18LT respectiely. The thickest
vectorof eachclustercorrespond to thetime of the maximumcloudinessamount.Eachclusterrepresents 1° by 1° averageand

is shavn subsarpledevery 2°.

amouwnt of the whole region occus at this time, north

westof the Bay (~ 17° -20° N, 82°-87°E). By 3 A.M.

thelandclouds aregone asidefrom apeakin cloudiness
occuring over Bangladesh.This coincideswith the lo-

cationof Cherrapiniji, world recod holderof the highest
meananntal rainfall. Rainfall gaugesalsorecorda late-
night, earlymorning maximum atthis site(Ohsavaetal.

200D.

Over water the maximun PHC,35 occus atthe east
side of the Bay andthe maximumPHGC,;, atthe north
westside. Both PHG,3; and PHG, 1 begin to develop
in the late evening to midnight, reacha maximumarea
at 6 A.M., maintaina large areafor 3 to 6 hous, then
dissipateslowly beforenoonandrapidy theredter. By 9
P.M. theBayhasaminimumin cold cloudiress with sig-
nificantPHGC,35 occurrirg only in the Gulf of Martaban
Over openwaterfarthersouthin the Bay about1000km

from land (5-10°N, 85-90°E), PHG,y is highestfrom 3
A.M. to 6 A.M.. Thisis similar to the late-nightmaxi-
mum seenover the openocean(e.g.,GrayandJacobsen
1977 andis consistentvith the nighttimerainfall maxi-
mumrecordel onthe R/V RonBrownduring JASMINE
Star2.

b. Diurnal MaximaandPhasing

The local time and amoun of cloud maximum is
quartified for bothPHC,;o andPHG,35 in Figs.14 and
15. In thesefigures, the diumal variability is represente
asavectoreverythreehous, with thelengthof thevec-
tor indicating PHC amoun andthe vecta direction in-
dicatingthe local time. The maximnum diumal PHC is
shawvn asathicker vecta. In this way onecaninfer the
time of maximumcorvective actiity, the amoun, and
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FiG. 15. SameasFig. 14 but for PHC,35.

the durationfrom onefigure’. FromFig. 14, we cansee
thatmostof the T, < 210K actiity occus in the north

westsideof theBay, andhasabroal maximum spanniig

from 6 A.M. to nom (in contrasto themoreshortlived

neigtboringlandcorvectionpeakirg at18 LT). Much of

the peakcorvective activity within the Bay occus be-
tween6 A.M. and12 A.M..

Fig. 15is similar to Fig. 14, but for PHC,35. Several
contrastingfeaturesareappareh Oneis thatthediurnal
cycle is moreuniform over the Bay. Anotheris thatthe

"The figure is a depature from the diurnd harmont methodin
which amplitude and phaseof diurnd variation are derived from the
first harmonicderived from 3-hourly data. Harmonicanaysis hasthe
adwantagethat phaseinformation can be obtaned with a highertem-
poral resoluton than the original data. Problemswith the harmont
analysisappro@h have beendemonstreed by Ohsava etal. (2001)for
this region, however, primarily becausehe diurnal cycle cancontain
minimaandmaximathatare separéed by only six hours. Particularly
nearcoaslines,thefirstharmont maynotcapurethetruediurnd vari-
ation very well.

time of maximunm cloudiressnow mostly occus in the

afterom, with afew mostly nearshore exceptims. This

figureis corsistentwith Fig. 3 of Ohsavaetal. Q0QL),

yet notethatthe diurnd maxmum of the northwestside
of theBay is differert in Fig. 15thanin Fig. 14. Fig. 14

shavsa 6 A.M. diumal maximum thatis consistentith

rain gawge rainfall data(Ohsava et al. 2001, whereas
Fig. 15 does not accuréely capturethe maximum time

for thislocation.

Thelandinfluenceonthediurnal cycle overtheBayis
moreobviousthroughits impacton the strengththanon
thetiming of the diumal maxinum. With distanceaway
from land thediurnal cycle becomesvealer. Theeffect
ontiming seerhereis similarto thatpreviously notedby
YangandSlingo (2001) andOhsava et al. (2001). They
obsenre thatin the nothwestsideof the Bay, corvective
activity fartheroffshote (by up to 5°) reachs its maxi-
mum later thanactivity closeto shoré. In Fig. 14, this

8Yangand Slingo (2001)asa minimumin corvective actiity de-
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FiG. 16. Time clusterlifetime vs. maximumradiusattained

wouldbeindicatedby aclockwiserotatian in thethickest
vectorwith distanceoffshae. We do seethisin Fig. 14,
moreclearly in highe resolutio plots not shavn here.
Thephasings only mostlycoherat north of abou 14°N
for PHG;10.

In both Fig. 14 andFig. 15 the phasingbetweenthe
nearshae and off-shorecorvective maximunm is most
appaentatthosedocationswith strongnearshaediurnal
cycles(narthwestandeastsidesof the Bay for PHC, 19
and PHG,35 respectidly). The phasingis clearup to
abou 5° or 500km away from land,andat a distanceof
abou 10° or 1000km away from land the timing of the
diurnal cycle nolongershaws ary landinfluerce.

6. Cloud Life Cycles

This sectionpresentshelifecycle developmentof the
T, < 210K time clusters. In summary all the cloud
systemsattaintheir maxinum areaat 6 A.M., irrespe-
tive of size, but the larger longe-lived systemstendto
begin earlieranddissipatelater The nighttime geresis
timesof mary of thetime clusterscontrastswith thelate-
afternmn timesfound for the TWP. The mostcomman
cloudsystempropagatia is to thewest-southwest.

a. Spaial andTempoal Characterization

Figs.11to 15 leadusto expect life cyclesthatvary
by cloudsizeandlocation Thelocal time andlocatin

rived from thefirst harmonicof the diurnd cycle.

of thegenesismaximum cloudarea,anddissipationfor
threetime clustergroups are shawvn in Figs. 17 to 19.
Thegroyswereestablishedisingmaxmum cloudradii
of 85,140,and210km, similar to the quartiledivisions
usedfor Fig. 11. Cloudswith maxmum cloud clus-
ter radii of lessthan 85 km mostly only lastedfor one
frame (as predictedby Machadoet al. (1998)) and are
not shawvn. Larger cloud systemstendto have longer
lifetimes, asshavn in Fig. 16. The top threequartiles
have meanlifetimes of 19, 9, and6 hous respectiely,
but thereis alot of variation

The largesttime clusters,shavn in Fig. 17, tendto
be over water Many begin nearthe north end of the
Bay and move southvestward thereafter A more sta-
tionary popuation exists around Pt. Palymras,so that
a few time clusterscontiibute strondy to the bull’s eye
in cloud clusternumter seenin Fig. 10d. Theinitiation
timesshowvn in Fig. 17 peakfrom 9 PM. to 3 A.M. for
thewaterbasedtclustersandat 3 PM. for theland-tased
clusterqdedicedfrom adatasubsettingiotshavn here)
A more detailedinvestigaion shovs mary of the time
clustersover water increaserapidy in areaafter mid-
night, attaintheir maximum areaat 6 A.M., thendecay
slightly throudhout the mornirg but rapidy after noon
Time clusterdastingmorethanonedaysurvive theday-
time decay expand agan the secondnight and usually
attaintheirmaxinum areacoverageonthesecondight,
againat6 A.M..

Fig. 18, for the next largesttime clustergroyp, shovs
a similar but perhrapsmore localizedpreferencefor the
northwestsideof theBay, bothfor land-kasedandwater
basedclusters. The greaterlocalization may reflecta
shortemeanlifetime thatleaveslesstime for clouddis-
placemen Theinitiation timespeakat 3 A.M. over wa-
ter (laterthanthe peakinitiation time for the largestsys-
tems)andat3 PM. over land. Themaximumareasoccu
at 6 A.M. over water (sameas for the largest systems)
and 6 PM. over land. The most comma dissipation
timeis at 9 A.M. or thereafer (slightly earlierthanfor
the largestsystems).Fig. 19 shavs a similar life cycle
for the smallestime clusterswith aslightly earliermost
comma dissipationtime of 6 A.M. or thereafer over
water As the time clustersdiminishin size, a greder
proportion of themareseenover land.

Thefew largetimeclustershatoccuroverland(Fig. 17)
deseremention Theseusuallybeginarourd 3 PM. and,
similar to the waterbasedclusters,attain their largest,
single,contiguouscloudareaat 6 A.M.. Yet, overland,
themostcomman cloudtypeis smallandshortlived(see
Fig. 10), andoccus arourd 6 PM.. For the mostlong-
lived systemstheseshorterlived clouds canmeld with
thelarger systemssothatthe maxinum areaof thetime
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FiG. 17. Locationsat the time of (a) genesis(b) maximumarealextent,and(c) ending for time clusterswith maximumcluster
radii >210km. Thelocaltime atthe beginning (d), () maximumarealextent,and(f) endingof thetime clusterlife cycle.
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cluster(which cancontainmorethanonecloudclusterat
ary onetime) canoccurin the evening. An examge of
thisis shawvnin Fig. 3d.

b. Comparisorto Tropical WesternPacific

ChenandHouze(1997 have dore a similar analysis
for cloudlife cycles overthewesternPacific warmpod,
andfind aninitiation time of abou 3 PM.. for bothsmall
andlargecloudsytems.ChenandHouze(1997) attribute
thisto daytimebourdary{ayerwarming In contrastwe
find a preferencdor nighttime9 PM. - 6 A.M. initiation
times, particularlynearland. The differencen the two
initiation timesis a directreflectionof the influenceof
the land-seainterfaceto the genesigprocesswithin the
Bay of Benga. In adatasubsettingnotshavn here,sys-
temsfarther southin theBay andfartheraway from land
were more likely to startin the late afternan (similar
to resultsin ChenandHouze(1997)) thanthosefarther
north

For the other life cycle stages(maximun areaand
endirg), bothour studyandChenandHouze(1997) ob-
sene pre-davn cloud maximaindependentof location
andlate-maning dissipation This suggestslouddeve-
opment anddissipatiorprocesseghatareindepemnlentof
theinitiation processandof the particdar location Ex-
amplescaninclude nighttimecloudtop longwave cool-
ing, anddaytimecloud shortwave absorpion.

c. Cloud SysteniPropagation

Onemotivationfor this studywasto investigatecloud
movementwithin theBay of Bengal.A comma plotting
deviceisto shav thepropagationdirection averagedover
all systemsin thiscasehemeanpropagationdirectionis
southvardeverywherein theBay (nat shavn). However,
themeanfeaturewould hidemuchindividual variability.
A histogamof thetrajectores, Fig. 20, shovs cloudsys-
temsmoving in mostdirectiors exceg north, and pre-
ferring west and southwestwrd movements. This re-
flectsin parta consistentwestward offshore movement
of nighttime corvectionin the Gulf of Martaban(dis-
cussedurtherin Section7a),andcloudmotiors thatfol-
low the mean,upperlevel winds (seeFigs. 5c and d),
particulaly for the morth of Septembe whenthe mon
soonhaswealened Throughou mostof the Bay during
May-August,mostindividual motiontrajectoriexortain
a southvardcompament.

The cyclone tracks shavn in Fig. 2 almostalways
follow north-moving or notthwestvard-maing trajecto-
ries. West-nortvest movementof 7-9 day actiity in
northeasterrndia andthenorthernBay of Bengalis doc-

40-

20¢ IIII :
I | | | | | | | |

15 45 75 105 135 165 195 225 255 285 315 345
propagation direction (degrees from N)
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FiG. 20. Directionof propagatiorfor all 1988and1999sys-
temswhosetotal movemern exceeaed 100 km, calculatedrom
the beginning andendinglocation. Resultsareshavn for 3¢
bins, asmeasuredtlockwisewith duenorth= 0°. Thelargest
25% of the storms(asgiven by their total life cycle cloud area
coveragelareshavn in grey.

umerted by Lau and Lau (199). In cortrast, Fig. 20
shaws few systemswith a northward compneri to their
propagation Separte directiors of movementfor 1-2
day activity and5-10day actiity in the Bay of Bengal
contrast, for exanple, with the westernAfrican region,
wherecloud time clusterspropagatein the samedirec-
tion aslargerscaleeasterlywaves(MathonandLaurent
200D.

An exanple is madeof the cloudsystemsompsing
the 1999cyclonein Fig. 21. Thecontrituting individual
cloud systemggeneally moved to the southwestwhile
subseqant everts would begin notthwestof the previ-
ousevent. In this way, the overall cyclone movementis
to thenorthwest. The cyclone cloudsattainedtheir max-
imum size (andthe cycloneits strongestwinds) nearPt.
Palymras, emplasizingtheimportarce of thatparticuar
region.

7. Discussion of Selected L ocations

In this sectionthreelocatiors are usedto illustrate
morefully somecharateristicsof corvectionwithin the
Bay. An in-degh examimation into plausibleexplara-
tions for the obsenations would be helpedby a mod
eling effort that is beyond the scopeof this paper;the
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aim of this sectionis more to suggesfruitful aveniesfor
further research.The Gulf of Martaban senesto illus-
tratetheimpacton cloud cover of monsmnal flow upan
coastalmourtains,the Pt. Palymrasregion is the site of
large-scaledisturbares,andlastly, acortext is provided
for the JASMINE Star?2 intensize obsening period

a. Gulf of Martaban

The Gulf of Martabanhasa prorouncel diurnal cy-
clein cornvective activity. As shown in Fig. 22, at mid-
nighta populationof primaily small,weak(cloud areas
<22500km?) yetrelatively abundantT, < 210K cloud
clustersis seenover water, with a sharpbowndarydelin-
eatingclear conditions over land. Nine houss later, the
clouds have moved 200-30 km west, away from land,
andhave grown in size (seenin cloud clustersize dis-
tributions not shovn here). By nom, the cloud popua-
tion overwaterhasbecone localizedoff of thelriwaddy
delta. Thesedecayrapidy thereafterfollowedby a pro-
nourced3 PM. maximun over the lriwaddydelta. The
diurnal cycle over wateris similar to that obsered off
the coastof N. Borneoduring the winter morsoonsea-
son(Houwze et al. 1981), andoff the coastof Colombia
(Mapesetal. 20@).

Several mechaisms may play a part in explaining
the pronourced diurnal cycle obsered within the Gulf
of Martaban One is that of Grossmanand Durran
(1984), who explain corvection offshoreof the Indian
GhatMountairs asa responsdo upstreanpressurede-
celaratiorof themonsoam flow by thecoastaimourtains.
An examimation of the diumal cycle was beyond the
scopeof their study however, a therma processcoud
provide a diurnal cycle to the pressuraleceleation that
canprefeentially suppot nodurnal convection. For ex-
ample,onesuchprocessis presentedn a recentmockl-
ing studyof noctunal corvectionoffshoreof Colombia
(Mapeset al. 20®). This study ultimately held gravity
wavesemanatig off of landtopagraply respoible for
the nighttime offshorecornvectioninitiation. A coastal
mourtainrangeis presennearthe Gulf of Martaban(see
Fig. 4) andcouldwell geneatebothupstrea blocking,
anddiumally-varying gravity waves.

In addition, the concep of a nighttime land breeze
haslongbeenusedto explain noctunal offshae corvec-
tion (seeNeunann 1951, and referercestherein). For
exampe, Houzeet al. (198L) explain their obseved di-
urnal cycle asa corvergence of a nighttimelandbreeze
with thedomirantmonsmnalflow. This explarationhas
recentlybeenmodfied by Ohsava et al. (200]) to in-
cludeconsideationof shorelinecunature.Ohsavaetal.
(20Q1) find a late night-early morring cornvective peak
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attheN. Borneolocationstudiedby Houzeetal. (1981)

evenwhenthenighttime landbreezas in thesamedirec-
tion asthe prevailing wind, suchasoccursduling sum-
mer Ohsava et al. (2001) attribute this to the concae
coastlinefavoring a nighttime, low-level corvergence
from theconcetrationof landbreezestegardlessof the
prevailing wind. They find thatlate night convective ac-
tivity is especiallytrue of coastalwaterswith a concae
coastlineandpreseihthe mouthof the GangsRiver as
oneexanple. TheGulf of Martabarcansene asanotter
exampe. A moceling studyof theFloridapeninsulaoc-

curring at aboutthe samelatitude asthe Bay of Bengal
(but lackingmourtains),suppats theideathat coastline
shapeis influential in deternining the timing, location

andintensityof offshore corvection Bakeretal. 200L).

b. Pt. Palymras

Whereaghe cloud caver on the eastside of the Bay
is thought to reflectthe respoise of a morsoonalflow
uponthe coastalmountains,the cloud cover arourd Pt.
Palymras is prabably morelinkedto larger-scalecircu-
lation features.Here, the land surfaceis the moist low-
lying GangetidPlain. Thenighttimelandbreez does not
converge with the prevailing monsomal wind. A large
mons®nal-men surfacelow occurs(seeFig. 5). This
region is a site of active transientgLau andLau 1990),
with maximaiin the850mbrelative vorticity usedo indi-
catetropicaldisturkancecentersFig. 23 similarly shavs
amaximum arourd Pt. Palymasin the meanNCEP 850
mb relative vorticity for the two morsoonseasongom-
bined(theindividual yearsaresimilar). The conrection
betweenlocal disturtancesand the more global circu-
lation is demomstratedby a prefeential occurenceof
cycloresin the Bay of Bengal(and elsavherg during
the corvective phaseof the Madden-JulianOscillation
Liebmam etal. 199).

Whatis theimpactupan cloud cover charactestics?
The favoralle conditicns for convection help suppat
large, longlived, sometime slowv-moving systemg(see
Figs.10 and17). In contrastto the Gulf of Martaban
thespatialdistribution of the cloudcover is lesssensitve
to the coastline(see,for example, Fig. 21). The cloud
systemggyererally stay closeto shore,with mostof the
cloudnessresidingapparently non-prefaentially either
over landor overwater Thedirection of movements as
likely to bepardlel to the coastasperpendicularto it.

Thediurnd cycle is stronger thanthatat the Gulf of
Martaban(seeFig. 14), especiallynearland,but bothlo-
cationshave 6 A.M. maxima,while the larger systems
arourd the northwestside of the Bay have earlieriniti-
ationtimes (9 PM. vs midnight) andlater decaytimes
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(afterroonvs noor) thanthe Gulf of Martabansystems.

Again, this may reflectcondtions favoralle for corvec-
tion occuring at time scalesgreaterthana day for the
northwestBay. Thetiming of the peakconvectionover
waterbeconesdelayedwith distancefrom land(Ohsava
etal. 200L; YangandSlingo200QL), similarly to the Gulf
of Martakan. This canhypotheticallyalsobe explained
throwh gravity wavesemanatig from the coast,but in
the caseof the northwestside of the Bay, the origin of
the gravity wavesis land cornvectionratherthanlandto-
pography Thismechaismhasnotbeenmoceledfor this
region, however, andat presentanonly be postulated.

c. JASMINE“Star 2" (89°E,11°N, May 21-%, 1999

As mentione in the Introduction during the JAS-
MINE Star 2 time period, large, nocturral, southvard
moving disturbaiceswereobsered(Websteetal. 20@).
Most of therainfall onthe R/V RonBrownoccurrel be-
tween2100LT and600LT. Suchdisturkanceshad not
beendocumentedpreviously at this location. How do
the JASMINE obsevationsfit in with the convectioncli-
matolog presentedh this paper?

The noctunal rainfall is consistentwith the clima-
tologicd diurnd variability expeded for this location
asseen,for examge, in Figs.12 and 13, with anearly
morring maximum in thevery cold clouds (T, < 21K)
anda late afern@mn increasen slightly lesscold clouds
top (T < 235K). Thisdiumalcycleis typical of tropical
oceanicconvection(ChenandHouzel997; GrayandJa-
cobserl977) andimpliesadiminishedinfluenceof land
onthediurnal cycle atthis location.
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FiG. 22. Cloud clusternumberat a) local midnight, b) 900
LT, c) localnoon d) 1500LT, for bothyearscomkined. Cloud
clustershave amaximumradii of 85 km.

A multi-day sequene of large, diurnally repeating
southvardmoving time clustersonly occured once at
thislocationin thetwo yearsof ourcloud-tackingdataset.
Thiswould suggesthatsucheventsareunusualIn fact,
boththedirectionof motion andthecloudclustersizeare
in keepirg with thetwo-yearclimatology. For thesouth-
ern Bay of Benga (85°E-95°E, 5°N-15°N), longdived
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FiG. 23. CombinedMay-Septembr 1999 and 1988 mean
850 mb relative vorticity. Contourinterval is 2 X 1076 s71,
Derivedfrom theNCEPReanalysislaily-averagewindsat2.5°
spatialresolution.

systemsof bothyeas tendedto move south. As shovn
in Fig. 10,asecondnaxima of large cloudclustergmost
of themfrom 1988 occus near(slightly north) of where
Star2 washeld.

It is prokably only their degreeof organization and
sizethatmadethedisturtanceof Star2 unusual. Fig. 24
shaws a time-latitudeplot of the brighthesstemperatte
averaged over 85°E-90°E for May, June,and July of
1999 Diurnd, southvard-propagatimg corvective activ-
ity canbeseerto occu in all threemonths but the most
prorounceal activity occued in May during JASMINE
Star2. Early cloudobsenationsover thelndialandmas
repot thatpre-mamsooncorvectionin northeastindia is
more intensethan the monsomal corvection (Ludlam
1980. The behaior during JASMINE may mirror the
behaior over land, and theremay be a more explicit
conrection: atleastoneof the Star2 everts clearlyorig-
inatesover land (seeFig. 3d), a featue that was oth-
erwiseuncanmonfor suchsoutherlytime clusters.The
convectiveintensitymayalsobeaidedby thepresencef
mid tropasphericdry air duringthe early partsof Star2
(cite[see]Fig. 9]Webster02y whichcanincreasalown-
draft evapaation and therely the intensity of the cold
pool(RedelspegerandLafore1988. Thiswouldbepar
ticularly effective aftera periad of suppresedactiity in
an ervironmentotherwisefavorableto corvection (Re-
delspegeretal. 2002.

How do the JASMINE eventsrelate to the distur
bancessuneyed by Lau and Lau (199)? They per
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formed a composite analysisof high 850 mb relative
vorticity eventsoccuring in the north end of the Bay.
During Star2, thedaily-averagedNCEP850mb relative
vorticity maximawerehigh, rangng betweer22 to 49 x
10-% s~1, andremainedn the noithwestendof the Bay.
Yet, the JASMINE eventsdoesnot follow the life cy-
cle of the “typical” disturtanceof Lau andLau (1990).
Their docunentedgeneally westward propajationis a
net tendency, wherethe westward tendeng associated
with theadwection of themeanabsoluterorticity by tran-
sientfluctuatiors is stronger thanthe eastvard tendency
associateavith theadwection of vorticity fluctuationsby
thetime-meanflow (LauandLau1992. In theparticlar
caseof May 21to 26,1999 thedynamicalbalancenay
well differ from thatof themeanpicture

8. Summary

This pape characterize cloudiressand corvection
over the Bay of Bengalusing3-hourly satelliteinfrared
datafrom 1983 and199. Percent-fgh-clowinesss de-
fined usingtwo infrared brightnesstemperatte thresh-
olds, 210K and235K, andthelife cyclesof very cold
clouds (Ty <210K) aretracked

The two years,198 and 1999 have meanPHC,3;
andPHG;;, amountsthatarefairly similiar but theirspa-
tial distributions are quite different. In 1988 the cold
cloudnessextendedfarthersouthandwaslesslocalized
More largecloudsystemsccuredin 1988thanin 199
partly becausethe more southen cloud systemswere
morelikely to belarge. Thedifferentspatialandsizedis-
tributions of the cloud systemver watercoindde with
highe rainfall amourts overmainlandndiain 1988than
in 1999 Both yearshadmostof their large systemsoc-
curin thefirst half of themonsoa.

The northwest side of the Bay is a doaumentedsite
for muchcorvective actiity with significantimpactson
mainlard Indianweatherandthisis wherethemaximun
PHG,10 occus. Herethe cloud systemsover waterand
sometimesver land arelarge andlonglived. Theindi-
vidud cloud systemsften containa souttward compe
nentto their motion despitebeingembededwithin pri-
marily notthwest-meing largerscaleactiity. There-
gion arourd Pt. Palymrasis notablefor its very large
cloud clusters. Their diurnal cycle amplituce is pro-
nourced,with a maximum:minimum cloud arearatio of
abou 10:1, andhelpsexplain why the strongestdiurnal
cycle of the entire Bay occurshere. Cloud tops with
Ty, < 210K shov 6 A.M. to noon maxima and con-
vectioninitiation timesareearlieranddissipationtimes
latercompaedto otherpartsof the Bay. The phasingof
corvectiondiscussedh YangandSlingo(200L) andOh-
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sava et al. (2001), wherecorvectionattainsits maxma
atalaterhou fartherawayfromland,is alsodocunented
here.

The eastside of the Bay hasmostof therainfall, in-
deed,amaximun in globalrainfall in summe. Herethe
PHG,35 isamaximum while thecloudsytemq T, <210
K) tendto be small and short-lived, but relatively fre-
qguen. The cloud systemspossess reguar diurnd cy-
cle,with convectionbeginning offshae around9 PM. to
midnight, laterconvectionoccuring fartheroffshaeand
attaininga larger size,andthendecayimy rapidly arourd
noon Most of the systemsoccuronly in one 3-haurly
image,so that the offshare propagationmostly consists
of dissipatingnearshore systemsand initiating farther
offshae systems.Thephasity in PHC»35 iS mostpro-
nourcedin the Gulf of Martabanwvherethediurnal cycle
is strongest. At the eastside of the Bay, the prevailing
mons®nalflow is onshoe onto coastaimourtains. Re-
sponsesuchasthe upstreamblocking by pressue de-
celerationmectanismof (Grossmarand Durran1984),
and/g gravity wavesemarating off of thelandtopagra-
phy (Mapeset al. 2002 may well be active and coud
explaintheobseredbehaior.

At the southerlylocationof JASMINE Star2 (89°E
11°N), the multi-day sequencef disturbaceson May
21-26, 199 wasunwsualbecauseucha sequencenly
occuredoncein thetwo yearsof dataexaminal. In other
respectsthe stormswere consistentwith climatology,
with rainfall occuring atnight,asouthvardpropagation
andlarge cloudcover.

Previous studieshave similarly tracked clouds for
land-anly or ocearonly regions of theglobe(e.g, Chen
andHouzel997 Chenetal. 1996 Machaloetal. 1998;
MapesandHouze1993 MathonandLaurent2001). A
comma resultis that a relatively small number of the
cloudclusterggenergesmostof thetotal arealcloudcov-

erage. From this obsenation, the conclwsion is often
drawn thatmostof therainfall comes from a few large

systems.While this may betrue for otherregions, over

theBay of Bengalmostof therainfall (asdetermiredus-
ing TRMM data)comedrom thesmallersystems Simi-

larly, we find cloud motionsthatdiffer, ratherthanagree
with, larger-scalemovements. The unigque conclwsions
for theBay of Bengaldomain reflectthe comgexity of a
region thatcontairs bothlandandwater

We compaed the resultsfor the Bay of Bengéd with
thoseof the tropical westernPacific openocean(Chen
andHouze 1997). The mostsignificantdiffererce oc-
cursin theinitiation timesof convection, with afterroon
initiation times occuring over the tropical openocean
(andland)versusnoctunalinitiation timesover the Bay.
Anothe differerceis thatadavn maximum existsfor all
cloud clustersover the Bay regardlessof size,whereas
the diurnal amplituce is negligible for the smallerclus-
tersover the tropicd westernPacific. Both differences
demanstratethe stronginfluerce of land on corvection
occuring over the water of the Bay. A land influerce
is clearly evidert in corvection occuring rouchly 500
km away from land;fartheraway (~ 100 km), thediur-
nal cycle is moresubdiedandmoretypical of the open
ocean.

Thisstudyhasraisedmary questionsThedifferences
betweenthe two yearsin the cold cloudiness locatian
andsizedistribution, meanghatconclusims aboutwhat
is typical for the region shouldbe madecautiously and
shouldencouagefurthe studyfor theregion. A break
down into active andbreakphasesvould be interesting
Furtherinvestigaion of the diurnal cycle usingdatawith
highe temporaresolution would beinterestingaswould
modding studiesof the landseadynamnic at particuar
locatiors. The disturbaresof May 21 to 26, 199 de-
sene further studyaswell, towardsunderstandingvhy
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they werethe mostorganized multi-day corvectionex-
periercedatthatlocationin thetwo yearsexamned.
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